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C12EO8 (C12E8)
Triton X-100
Tween 80We assessed the interaction of three electrically neutral detergents (Triton X-100, C12EO8, and Tween 80) with
P-glycoprotein (ABCB1, MDR1) and identiﬁed the molecular elements responsible for this interaction. To this
purpose we titrated P-glycoprotein in inside-out plasma membrane vesicles of MDR1-transfected mouse
embryo ﬁbroblasts (NIH-MDR1-G185) with the detergents below their critical micelle concentration, CMC. The
P-glycoprotein ATPase measured as a function of the detergent concentration yielded bell-shaped activity
curves which were evaluated with a two-site binding model. The lipid–water partition coefﬁcient and the
transporter-water binding constant of the detergents were measured independently. Knowledge of these two
parameters allowed assessment of the free energy of detergent binding to P-glycoprotein in the lipid
membrane, ΔGtl0, that reﬂects the direct detergent–transporter afﬁnity. It increased as the number of ethoxyl
groups increased, suggesting that these hydrogen bond acceptor groups are the key elements for the detergent–
transporter interaction in the lipid membrane. The free energy of binding to P-glycoprotein per ethoxyl group
(EO) was determined as approximately ΔGEO0 =−1.6 kJ/mol. The present ﬁndings moreover document that,
depending on the concentration applied, detergents are intrinsic substrates for, or inhibitors of P-glycoprotein.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Nonionic detergents enhance drug absorption and sensitize cancer
cells to cytotoxic drugs (for references see [1]). Therefore they are
widely used as additives or excipients in drug formulations. The
absorption enhancement by detergents is due to differentmechanisms
including (i) solubilization of drugswith high association tendency (ii)
loosening the lateral membrane packing density with concomitant
facilitation of passivedrug inﬂux, and (iii) inhibition of theATP binding
cassette (ABC) transporter P-glycoprotein (Pgp, MDR1, ABCB1). Below
their critical micelle concentration, CMC, detergents have been con-
sidered as inert compounds. Therefore inhibition of Pgp by detergents
has often been assumed to arise merely from a destabilization of the
transporter due tomembrane loosening effects (for references see [1]).
However, membrane loosening occurs not only upon detergent but
also upon drug partitioning into the membrane moreover the effect is
relatively small under physiological conditions (see Ref. [2] and
references therein). Evidence for speciﬁc, substrate-like interactions
of detergents with Pgp has increased over the past years (e.g. [3–5])
and is strongly supported by a detailed analysis of literature data on
drug uptake enhancement by non-charged detergents [1]. A quan-
titative investigation of detergent–Pgp interactions is however still
lacking.er; EO, Ethoxyl (group); MDR,
e (MDR1, ABCB1)
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ll rights reserved.Pgp is an ATP consuming transporter or ﬂippase that binds a broad
range of substrates in the cytosolic membrane leaﬂet [6–8] and ﬂips
them to the outer leaﬂet which prevents substrate inﬂux into
the cytosol ([9]; for review see [10]). The basal Pgp ATPase activity
measured as a function of substrate concentration generally increases
at low concentrations up to a maximum, and decreases again at high
substrate concentrations. The resulting bell-shaped activity proﬁles
can be well ﬁtted with models considering two binding sites [11,12]
(for details see [13]). Kinetic two binding site models are supported by
several biochemical investigations [14–16] as well as by the recent X-
ray structure of Pgp, crystallized in the presence of two different
substrates [17]. Due to their promiscuity the binding sites are most
likely better described as binding regions [18].
Drug transport is most likely driven by ATP binding and resetting
of the transporter by ATP hydrolysis [2,19]. Whether one [20] or two
[21] molecules of ATP are hydrolyzed as suggested for other
transporters is still discussed. The rate of ATP hydrolysis by Pgp
correlates linearly with the rate of effective transport (e.g. [22,23].
Thereby it is important to note that transport measured in transport
assays with conﬂuent cell monolayers does not reveal effective
transport, but apparent transport that is the sum of effective transport
and passive inﬂux of substrates [24,25].
The lipid membrane strongly accumulates Pgp substrates and
orients them with their amphiphilic axis parallel to the amphiphilic
axis of the lipids [26] which guarantees proper binding to the trans-
membrane domains of the transporter [27]. Substrate binding from
water to the transporter (characterized by the transporter–water
binding constant, Ktw) therefore comprises two steps, a lipid–water
partitioning step (characterized by the lipid–water partition coefﬁ-
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the lipid membrane (characterized by the transporter–lipid binding
constant, Ktl). For simplicity no differentiation is made between
binding to the ﬁrst and second binding site in this paragraph. The
transporter–water binding constant, Ktw, can then be expressed as
product of the lipid–water partition coefﬁcient, Klw, and the
transporter–lipid binding constant, Ktl (Ktw=Klw·Ktl). The corres-
ponding free energy of transporter–water binding, ΔGtw0 , (ΔGtw0 =
−RTln Ktw, where RT is the product of the ideal gas constant, R, and
the absolute temperature T), can in turn be expressed as sum of the
free energy of lipid–water partitioning, ΔGlw0 , and the free energy of
transporter–lipid binding, ΔGtl0 (ΔGtw0 =ΔGlw0 +ΔGtl0). The free energy
of binding, ΔGtl0 that reﬂects the direct substrate–transporter interac-
tion, cannot be measured directly and has therefore to be assessed by
independently measuring the transporter–water binding constant,
Ktw, and the lipid–water partition coefﬁcient, Klw, of the substrate
[13,24]. Quite different experimental systems and measuring techni-
ques have been used with the attempt to determine these two para-
meters as discussed below.
In pharmaceutical sciences, natural Pgp containingmembranes are
generally used to measure transporter–water binding of substrates.
“Unspeciﬁc” binding, which corresponds essentially to lipid–water
partitioning of a substrate, is thereby often measured in the same
membrane in presence of a Pgp inhibitor (e.g. verapamil) and the
amount of substrate bound “unspeciﬁcally” is subtracted from the
total amount bound (e.g. [28]). Since inhibitors not only bind to Pgp
but also strongly partition into the lipid membrane, they reduce the
negative surface potential of the cytosolic membrane leaﬂet or even
impart a positive surface potential in case they are cationic, which in
turn reduces membrane partitioning of a further cationic compound.
With this approach, unspeciﬁc binding tends to be too low and spe-
ciﬁc binding to Pgp too high. A more rigorous assessment of the
transporter–lipid binding constant, Ktl, is possible if the transporter–
water binding constant, Ktw, is measured in reconstituted Pgp con-
taining proteoliposomes and the lipid–water partition coefﬁcient, Klw,
in the corresponding protein-free lipid bilayer [29]. However, recons-
tituted systems generally contain residual detergent molecules which
may affect the substrate–Pgp interaction, a fact which has so far not
been considered in detail.
For measurement of the transporter–water binding constant, Ktw,
we favored biologicalmembranes (i.e. the plasmamembrane ofmouse
embryo ﬁbroblasts, NIH-MDR1-G185) since they are detergent free.
Moreover our plasma membrane preparation exhibited an almost
perfect inside-out orientation, with nucleotide binding sites towards
the outside of the vesicles [30]. For measurement of the lipid–water
partition coefﬁcient, Klw, we used appropriate membrane model sys-
tems. To be able to choose the most appropriate membrane model
system we characterized the NIH-MDR1-G185 plasma membranes in
terms of the lateral lipid packing density, πM, and the surface potential,
ψ, that are the essential determinants for membrane partitioning [13].
The technique to measure substrate binding to Pgp containing
membranes has to be selected according to the dissociation constant of
the substrate (i.e. (1/Ktw). Compounds with dissociation constants in
the sub-micromolar concentration range require radioactive [28] or
ﬂuorescence labeling [29]. Measurements are thus limited by the
availability of radioactive or ﬂuorescent compounds. Binding of com-
pounds with lower afﬁnities could in principle be measured with less
sensitive techniques such as UV spectroscopy or isothermal titration
calorimetry. In this case, measurements are limited by the large amount
of membranes required. The same is true if lipid–water partitioning (or
“unspeciﬁc” binding) is measured with wild type cells. The comparison
of a broad range of compounds using different equilibrium binding
techniques is difﬁcult and has not been provided so far.
A valuable alternative is to estimate the transporter–water binding
constant, Ktw, from kinetic ATPase activity measurements performed
under steady state conditions. In the case of the Pgp ATPase this ispossible, to a ﬁrst approximation, because the substrate–transporter
association and dissociation steps are fast compared to the catalytic
steps. The concentration of half-maximum activation, K1, can therefore
be considered as dissociation constant and the inverse, as transporter–
water binding constant, Ktw. This approach is sensitive, highly reliable,
and can be applied over a broad range of concentrations [13,30].
Our previous analysis of drug–Pgp interactions using inside-out
plasmamembranes vesicles of mouse embryo ﬁbroblasts, NIH-MDR1-
G185, revealed that hydrogen bond acceptor groups are the principle
molecular elements responsible for an interactionwith Pgp in the lipid
membrane. The free energy of binding per single hydrogen bond
acceptor group in drugs was estimated as ΔGHi0 =−2.5 kJ/mol [13,31].
Hydrogenbond acceptor groups in drugs are often found in rather rigid
patterns [32] and are most likely recognized by the numerous hydro-
gen bond donor groups in the transmembrane domains of Pgp [33].
Detergents also carry hydrogen bond acceptor groups. However,
they are located in ﬂexible chains which are segregated from the
hydrophobicmembrane anchor andmaybemore exposed towards the
aqueous environment than the hydrogen bond acceptor groups in
drugs. The present aim was to analyze whether the ﬂexible
polyethoxylated groups in detergents are able to bind to Pgp in a
substrate-like manner. To this purpose we used three nonionic
detergents (Triton X-100, C12EO8 (dodecyloctaglycol), and Tween 80
(polysorbate-80)). First, we measured the lipid–water partition coef-
ﬁcient, Klw using large unilamellar vesicles with a diameter of 100 nm
(LUVs) formed from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line, POPC, which is the most abundant lipid in mammalian cells. The
use of POPC vesicles as membrane model system is appropriate since
the cholesterol content of embryonic cells is low [34]. Electrostatic
effects could be neglected since the detergents investigated are
uncharged. For comparison, we also assessed the lipid–water partition
coefﬁcient, Klw, based on surface activity measurements taking into
account the lateral packing density determined previously for mouse
embryo ﬁbroblast plasma membranes at physiological temperature
(πM=30mN/m[13])which is slightly lower than that of POPC vesicles
at 25 °C (πM=32 mN/m) [35]. Second, we measured the Pgp ATPase
activity as a function of the detergent concentration in plasma
membranes of mouse embryo ﬁbroblasts, NIH-MDR-G185, and
analyzed the kinetic constants, i.e. the concentration of half-maximum
activation, K1, and inhibition, K2, and the maximum, V1, and minimum
activity, V2, using the model of Litman et al. [11]. Third, we derived
binding constants from kinetic measurements performed under
steady state conditions and assessed the transporter–water, Ktw(1),
and Ktw(2), and the transporter–lipid binding constant, Ktl(1), and Ktl(2),
for the ﬁrst and the second binding region of Pgp, respectively.
Measurements revealed that the direct interaction between the
detergents and the transporter increased with the number of ethoxyl,
EO, groups per polar head group suggesting that hydrogen bond
acceptor groups are the key elements for the detergent–transporter
interaction in the lipid membrane. The free energy contribution per
ethoxyl group, ΔGEO0 , to Pgp binding was somewhat less negative than
the free energy contribution per hydrogen bond acceptor group in
drugs which may be due to the stronger exposure of the former to a
polar environment. Competition between detergents and drugs for
Pgp binding sites further support direct detergent–Pgp interactions.
2. Materials and methods
2.1. Compounds
The nonionic detergents Triton X-100, C12EO8 (dodecyloctaglyol),
Tween 80 (polysorbate-80), octylamin, and verapamil, were pur-
chased from Sigma-Aldrich (St. Louis, Missouri, USA). Cyclosporin A
was a gift from Novartis Inc. (Basel, Switzerland), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) was from Avanti Polar
Lipids (Alabaster, AL).
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Isothermal titration calorimetry, ITC, measurements were per-
formed with a VP ITC instrument (Microcal, Northampton, MA) at
25 °C or 37 °C. Appropriate buffer solutions (50 mM Tris, 114 mM
NaCl) were freshly prepared and the pH was adjusted to 7.4 at the
given temperature. Detergent solutions at a concentration of about
one third of the critical micelle concentration, CMC, or less were used
for the titration. For the preparation of unilamellar vesicles with an
approximate diameter of 100 nm, the buffer was added to the dry lipid
ﬁlm, the suspension was vortexed, and subjected to ﬁve freeze–thaw
cycles with dry ice. The material was then extruded by at least 19
passages through 2 stacked Nuclepore TM polycarbonate membranes
of 100 nm pore size in a miniextruder. For further details see [36]. The
partition coefﬁcient, Klw, used in the following describes a linear
relation between the equilibrium concentration of the surfactant
(free) in solution, Ceq, and the molar ratio of the surfactant bound per
lipid, Xb,
Xb = KlwCeq: ð1Þ
2.3. Cell line and plasma membrane preparation
MDR1-transfected mouse embryo ﬁbroblasts (NIH-MDR1-G185)
were a generous gift from Dr. M. M. Gottesman and Dr. S. V. Ambudkar
(National Institutes of Health, Bethesda, MD, USA). The crude plasma
membrane vesicles were prepared as described in detail elsewhere
[30]. The cell pellet was disrupted with a “One Shot” cell disrupter
(Constant Systems Ltd, Warwickshire, U.K.) at 400 bar.
2.4. Phosphate release measurements
The Pgp-associated ATP hydrolysis was measured in 96-well
microtiter plates (Nunc F96 MicroWell plate, nontreated) according
to Litman et al. [11] with small modiﬁcations. The plasma membrane
vesicles exhibited a protein concentration, C=0.1 mg/mL in ice-cold
phosphate release assay buffer (25 mM Tris–HCl including 50 mM
KCl, 3 mM ATP, 2.5 mM MgSO4, 3 mM DTT, 0.5 mM EGTA, 2 mM
ouabain, and 3 mM sodium azide). The buffer was adjusted to pH 7.0
at 37 °C. Each sample contained 5 μg of protein per total assay volume
of 60 μL. Incubation of compounds and membranes was started by
transferring the plate from ice to a water bath kept at 37 °C for 1 h
and was terminated by rapidly cooling the plate on ice. The con-
centration of the inorganic phosphate, Pi, was determined by addi-
tion of ice-cold solution (200 μL) containing ammonium molybdate
(0.2% (w/v)), sulfuric acid (1.43% (v/v)), freshly prepared ascorbic
acid (1% (w/v)), and SDS (0.9% (w/v)). After incubation at room
temperature (30 min) the phosphate released was quantiﬁed color-
imetrically at 820 nm using a Spectramax M2 (Molecular Device,
Sunnyvale, CA).
The phosphate release assays were performed in the absence and
presence of vanadate that inhibits the Pgp ATPase. The vanadate-
sensitive basal Pgp activity (i.e. basal activity in the absence of
vanadate minus basal activity in the presence of vanadate) expressed
as phosphate released per total protein concentration and time was
determined as 6.71 to 12.50 nmol Pi/min/mg (average 8.52 nmol Pi/
min/mg). The different values are due to different membrane
preparations (for details see [30]).
2.5. Competition experiments
Detergents and drugs were titrated to ice-cold membranes; the
reactionwith the various compounds was initiated by transferring the
plate from ice to 37 °C for 60 min, and was terminated by addition of
200 μL ice-cold stopping medium.2.6. Kinetic model
The drug-induced ATP hydrolysis was analyzed with a modiﬁed
Michaelis–Menten equation, proposed by Litman et al. [11] (for details
see [13]). The model assumes transporter activation, if one substrate
molecule per transporter is bound and inhibition if a second substrate
molecule per transporter is bound. The equation is based on the
concept of substrate inhibition or un-competitive inhibition (assum-
ing that the same compound can act as substrate and inhibitor
depending on the concentration applied).
The kinetic parameters describing the Pgp ATPase function can be
obtained by quantifying the rate of inorganic phosphate, Pi, release,
VSaq, from Pgp in inside-out plasma membrane vesicles of MDR1-
transfected cells as a function of the substrate concentration in
aqueous phase, CSaq,
VS =
K1K2V0 + K2V1CS + V2C
2
S
K1K2 + K2CS + C
2
S
ð2Þ
where V0 is the basal activity in the absence of substrates, V1 is the
maximum transporter activity (if only activation occurred), and V2 is
the activity at inﬁnite substrate concentration.
The drug- or detergent-induced Pgp ATPase activity at low con-
centrations, where only one binding site is occupied, can be analyzed
with the Michaelis–Menten equation
VS − V0 =
Vmax − V0ð ÞCS
Km + CS
; ð3Þ
where VS−V0 represents the substrate-induced Pgp ATPase activity
and Km the Michaelis–Menten constant [37]. Under these conditions
inhibition of the drug- or detergent-induced Pgp ATPase activity,
respectively, was analyzed with the Lineweaver–Burk equation, i.e. by
taking the reciprocal of Eq. (3):
1
VS − V0
=
Km
Vmax − V0
 1
CS
+
1
Vmax − V0
: ð4Þ
3. Results
3.1. Lipid–water partition coefﬁcients
We used POPC LUVs as membrane model systems for the plasma
membrane of NIH-MDR1-G185 cells and measured the lipid–water
partition coefﬁcient, Klw, of the three detergents bymeans of isothermal
titration calorimetry, ITC, at 25 °C. The lipid–water partition coefﬁcient
for C12EO8 was determined as Klw=6·103 M−1 in excellent agreement
with previous measurements [36]. ITC measurements with Tween 80
had to be performed at lowmicromolar concentrations since the CMCof
Tween 80 is very low (see Table 1 [38]). Therefore the measured heat
was low, giving rise to a small signal to noise ratio only. As an alternative
we measured the binding isotherm of Tween 80 by means of the
monolayer insertion method at constant surface pressure at T=25 °C
which is very sensitive in the case of surface active compounds (see e.g.
[39]). To this purposeTween80was injected into the subphase of a POPC
monolayer with an initial area,A, kept at constant surface pressure, π. To
mimic the lateral membrane packing density of POPC LUVs at 25 °C the
surface pressure was set to π=32 mN/m [35]. The area increase of the
monolayers, ΔA, was monitored and the relative area increase, ΔA/A,
was transformed to the mole fraction of detergent bound using the
cross-sectional area of POPC (AD=68 Å2) and Tween 80 (AD=99.34 Å2
[38]). This yielded a partition coefﬁcient, Klw=1.23·105 M−1.
The temperature dependence of the lipid–water partition coefﬁ-
cients, Klw, are negligibly small as shown previously for Triton X-100
[40] and C12EO8 [36]. Table 1 displays the lipid-water partition
Table 1
Thermodynamic and kinetic parameters.
Parameter Triton X-100 C12 EO8 Tween 80
Klw (LUV) [M−1] 3.00×103a 6.00×103a 1.23×105
ΔGlw0 (LUV) [kJ/mol](2) −30.98 −32.77 −40.55
K1 (P) [M] 8.96×10−7 9.24×10−7 1.12×10−8
K2 (P) [M] 5.66×10−5 1.76×10−5 1.28×10−7
V1 (P) [%] 188 175 108
V2 (P) [%] 37 39 78
Ktw(1) [M−1] 1.12×106 1.08×106 8.93×107
Ktl(1) 3.72×102 1.80×102 7.26×102
Ktw(2) [M−1] 1.77×104 5.68×104 7.81×106
Ktl(2) 5.89 9.47 6.35×101
ΔGtw(1)0 [kJ/mol]b −46.23 −46.15 −57.53
ΔGtl(1)0 [kJ/mol]b −15.26 −13.39 −16.98
ΔGtw(2)0 [kJ/mol]b −35.55 −38.56 −51.25
ΔGtl(2)0 [kJ/mol]b −4.57 −5.79 −10.70
H-bond acceptors (or EO groups)/
detergent
9.5 8 20
ΔGEO0 [kJ/mol]b −1.61 −1.67 −0.85
a From Ref. [36].
b Lipid–water partition coefﬁcient measurements were performed at 25 °C and
ATPase activity measurements were performed at 37 °C. The free energies of binding
were calculated for 37 °C.
Fig. 1. A–C. Pgp ATPase activity measured in inside-out plasma membrane vesicles as a
function of the detergent concentration below and above the CMC. Triton X-100 (■)
(A), C12EO8 (◆) (B), and Tween 80 (●) (C). Solid lines are ﬁts to Eq. (2). Standard
deviations are shown. The dashed and solid perpendicular lines indicate the reciprocal
air–water partition coefﬁcient 1/Kaw and the CMC, of the detergent, respectively (both
taken from [38]).
Fig. 2. Pgp ATPase activity measured in inside-out plasma membrane vesicles as a
function of the substrate concentration. Verapamil (◊), cyclosporin A (◁), Triton X-
100 (■), C12EO8 (●) and Tween 80 (▲). Solid and dotted lines are ﬁts to Eq. (2), solid
parts indicate the concentration range used for inhibition measurements (Figs. 7–9)
and the stars are the individual concentrations applied. For clarity error bars were
omitted.
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the partition coefﬁcient for Triton X-100 determined previously as
Klw=3·103 M−1 [36]. The free energies of lipid–water partitioning,
ΔGlw0 , were calculated at T=37 °C.
For comparison, we determined the lipid–water partition coefﬁ-
cient, Klw, using the air–water partition coefﬁcient, Kaw, and the cross-
sectional area, AD, of the compound obtained from surface activity
measurements taking into account the slightly lower lateral mem-
brane packing density of mouse embryo ﬁbroblasts determined as
πM=30 mN/m at 37 °C [13]. The lipid–water partition coefﬁcients,
Klw, were therefore somewhat higher than for POPC LUVs (see Table 1
in Ref. [38]).
3.2. Pgp ATPase activity in inside-out cellular vesicles of NIH-MDR-G185
cells
Wemeasured the detergent-induced Pgp ATPase activity in inside-
out plasma membrane vesicles of NIH-MDR1-G185 cells as a function
of the detergent concentration by means of a colorimetric phosphate
release assay [30]. Since the concentration of half-maximum activa-
tion, K1, tends to correlate linearly with the inverse of the air–water
partition coefﬁcient, Kaw, of the compound [41], we started the Pgp
ATPase titrations at a concentration somewhat below the inverse of
the air–water partition coefﬁcient, 1/Kaw, and ended it somewhat
below the critical micelle concentration, CMC (Fig. 1, left hand side of
the solid perpendicular line, 2, and 4–9). Fig. 1 (right hand side of the
solid perpendicular line) shows the detergent-induced ATPase activity
above the CMC.
First, we discuss the Pgp ATPase activity below the CMC. Triton X-
100 and C12EO8 (Figs.1A, B, 2) enhanced the Pgp ATPase activity at low
concentrations up to a maximum and reduced it again at higher
concentrations that are still well below the CMC. The resulting bell-
shaped activity curves resemble those obtained with many Pgp
activating drugs (see e.g. [11,30]). Tween 80 (Figs. 1C, 2) barely
enhanced, but rather reduced the Pgp ATPase activity already at low
aqueous concentrations as observed previously for inhibitory drugs
such as cyclosporin A (Fig. 2). The solid lines in Fig. 1A–C (below the
CMC) and Fig. 2 are ﬁts to the modiﬁed Michaelis–Menten equation
(Eq. (2)) [11]. The model assumes activation with one substrate
molecule, and an inhibition with two substrate molecules bound to
the transporter. The concentration of half-maximum activation, K1,
and half-maximum inhibition, K2, and the maximum, V1, and
minimum activity, V2, respectively, obtained from the kinetic analysisare summarized in Table 1. The concentration of half-maximum
activation (Triton X- 100~C12EO8NTween 80) and maximum activity,
V1, (Triton X-100NC12EO8NTween 80) decreased in the order given in
brackets.
Close to the CMC all three detergents induced a slight activity
enhancement which was most likely due to the rupture of the plasma
membrane vesicles, revealing the luminal ATPase activity [42]. The
activity enhancement seen in Fig. 1A–C was smaller than the activity
enhancements observed with the same detergents in a different pre-
paration of in inside-out plasma membrane vesicles [4]. This suggests
that the plasma membrane vesicles prepared from NIH-MDR1-G185
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inside-out as reported previously [30]. Above the CMC, where mixed
micelles were formed, the further slight activity decrease was most
likely again due mainly to detergent binding to the inhibitory binding
region of Pgp. As seen in Fig. 1 the Pgp ATPase is, however, still active,
even at the highest detergent concentrations.
Fig. 2 displays the Pgp ATPase activity proﬁles induced by detergents
below the CMC in comparison to the activity proﬁle induced by
cyclosporin A [30] and verapamil [31] measured previously under
identical conditions. The concentration ranges used in the inhibition
experiments in paragraphs 3.4 and 3.5 are indicated in Fig. 2.
To further test the speciﬁcity of the detergent interactions shown
above we also titrated the Pgp ATPase with the detergent octylamine
which partitions into the lipid membrane but was assumed not to
interact with Pgp since it lacks the typical recognition elements [32].
Measurements as a function of the octylamin concentration up to the
CMC indeed showed no change in Pgp ATPase activity (not shown)
which further supports the speciﬁcity of the interaction of Triton
X-100, C12EO8 and Tween 80 with Pgp.
3.3. Transporter–water and transporter–lipid binding
The transporter–water binding constant for the ﬁrst, Ktw(1), and
the second binding region, Ktw(2), can be assumed to correspond to
the inverse of the concentration of half-maximum activation, K1 and
half-maximum inhibition, K2, respectively, since the lipid–water parti-
tioning step and the transporter–lipid binding step of the substrate are
much faster than the catalytic steps [13]
1= K1iKtwð1Þ = Ktlð1Þ  Klw: ð5Þ
and
1= K2iKtwð2Þ = Ktlð2Þ  Klw: ð6Þ
The transporter–lipid binding constants Ktl(1) and Ktl(2) were obtained
by dividing the transporter–water binding constants, Ktw(1) and Ktw(2)
by the lipid–water partition coefﬁcient, Klw. The different binding
constants are summarized in Table 1.
To generate an easily interpretable graphic image of the substrate
binding afﬁnity to the ﬁrst and the second binding region of theFig. 3. The free energy of lipid–water partitioning and the free energies of binding to
the Pgp ATPase for three detergents and two drugs. Compounds investigated are
verapamil (1), Triton X-100 (2), C12EO8 (3), Tween 80 (4), and cyclosporin (5). For
each compound the free energy of binding fromwater to the ﬁrst binding region of the
transporter, ΔGtw(1)0 (bar hatched to right side) and to the second binding region of the
transporter, ΔGtw(2)0 (bar hatched to left side) are shown. The gray part of the column
corresponds to the measured free energy of lipid–water partitioning, ΔGlw0 , and the
resulting white part corresponds to the free energy of binding from the lipid
membrane to the ﬁrst and the second binding region of the transporter, ΔGtl(1)0 , and
ΔGtl(2)0 , respectively (see Eq. (10) and Eq. (11)).transporter we transformed the binding constants to free energies of
binding. The free energy of partitioning into the lipid membrane,
ΔGlw0 , was calculated as
ΔG0lw = − RT ln CwKlwð Þ; ð7Þ
and the free energy of binding from water to the ﬁrst and the second
binding region were calculated as
ΔG0twð1Þ = − RT ln CwKtwð1Þ
 
iRT ln K1 = Cwð Þ; ð8Þ
and
ΔG0twð2Þ = − RT ln CwKtwð2Þ
 
iRT ln K2 = Cwð Þ; ð9Þ
where the subscript zero refers to a biological standard state and
Cw=55.3 mol/L corresponds to the molar concentration of water at
37 °C. The free energy of water–transporter binding, ΔGtw(1)0 and
ΔGtw(2)0 , respectively, is the sum of the free energy of lipid–water
partitioning,ΔGlw0 , and the free transporter–lipid binding, ΔGtl(1)0 and
ΔGtl(2)0 , respectively,
ΔG0twð1ÞiΔG
0
tlð1Þ + ΔG
0
lw; ð10Þ
and
ΔG0twð2ÞiΔG
0
tlð2Þ + ΔG
0
lw: ð11ÞFig. 4. A, B. Inhibition of the Triton X-100-induced Pgp ATPase activity by cyclosporin A
in inside-out plasma membrane vesicles. A: The Pgp ATPase was titrated with Triton X-
100 in the absence and presence of cyclosporine A: 0 μM (■), 0.12 μM (○), 0.26 μM (◊),
0.51 μM (△), 0.94 μM (▽) and 1.31 μM (▷). The solid lines are ﬁts to Eq. (2). B:
Lineweaver–Burk re-plots of the data in A.
2340 X. Li-Blatter et al. / Biochimica et Biophysica Acta 1788 (2009) 2335–2344The free energy of binding, ΔGtl(1)0 , is inversely proportional to the
substrate–transporter binding afﬁnity, i.e. the more negative the free
energy of binding, the higher is the binding afﬁnity to the transporter.
The same principles can be applied to the second binding region. Fig. 3
displays the measured free energies of binding, ΔGlw0 , ΔGtw(1)0 and
ΔGtw(2)0 for verapamil [31], Triton X-100, C12EO8, Tween 80, and
cyclosporin A [30]. The free energies of transporter–water binding to
the ﬁrst and second binding region were in the range of, ΔGtw(1)0 =
(−45.96 to −57.53) kJ/mol, and ΔGtw(2)0 =(−35.55 to −51.25) kJ/
mol, respectively. The free energies of lipid–water partitioning for POPC
LUVs were in the range of ΔGlw0 =(−26.20 to−40.55) kJ/mol. The free
energy of transporter–lipid binding was determined as ΔGtl(1)0 =
(−13.37 to −19.76) kJ/mol and ΔGtl(2)0 =(−4.57 to −13.77) kJ/mol,
respectively. Individual values are given in Table 1.
As seen in Fig. 3, the afﬁnity of the detergents to the transporter
increased with the number of EO groups in the ﬂexible polyethoxy-
lated chains (see Table 1). By dividing the free energy of transporter–
lipid binding, ΔGtl(1)0 , by the number of EO groups per detergent the
free energy of binding per EO group was estimated as ΔGEO0 ≈−1.6 kJ/
mol using the lipid–water partition coefﬁcient determined for LUVs
(πM=32 mN/m). Using the lipid–water partition coefﬁcient derived
from surface activity measurements for a membrane with a lateral
packing density of πM=30mN/m [38] the valuewas somewhat lower
(ΔGEO0 ≈−1.1 kJ/mol).
3.4. Inhibition of the detergent-induced Pgp ATPase activity by
cyclosporin A
Figs. 4A, and 5A display the Pgp ATPase activity as a function of
the detergent concentration (Triton X-100 and C12EO8) in the
presence of different concentrations of the inhibitor cyclosporin AFig. 5. A–D. Inhibition of the C12EO8-induced Pgp ATPase activity by cyclosporin A in inside-ou
and presence of cyclosporine A: 0 μM (■), 0.14 μM (○), 0.29 μM (◊), 0.58 μM (△), 0.94 μM (▽
data. Maximum Pgp ATPase activity, V1, (C) and concentration of half-maximum activation,(see Fig. 2). Most published inhibition studies consider only the low
concentration range of the activity proﬁles (up to maximum activity)
and use simple Michaelis–Menten kinetics for data evaluation (Eq.
(3)). For comparison with literature data we therefore displayed the
Lineweaver–Burk re-plots (Eq. (4)) of the data in the low
concentration range (Figs. 4B and 5B). The y-axis shows the
reciprocal of the rate, 1/(V−V0), where V0 is the Pgp ATPase
activity in the absence of verapamil but in the presence of the
detergent [37]. As a consequence the activity, V0, is not constant but
varies with the concentration of the detergent. Figs. 4B and 5B
suggest competitive inhibition of the detergent-induced activity by
cyclosporin A, as shown previously for the inhibition of the
verapamil-induced activity by cyclosporin A [37].
Since Pgp has more than one binding region it is relevant to
analyze the full activity proﬁle. We therefore plotted the maximum
activity, V1, and the concentration of half-maximum activation, K1, as a
function of the inhibitor concentration. For C12EO8 (Fig. 5C) the
maximum activity, V1, decreased with increasing cyclosporin A con-
centrationwhereas the concentration of half-maximum activation, K1,
decreased at low, and increased at higher concentrations (Fig. 5D). A
similar behavior (not shown) was observed for Triton X-100 (Fig. 4A)
and is consistent with un-competitive inhibition of the detergent-
induced activity.
Fig. 6 displays the Pgp ATPase activity proﬁle of Tween 80 in
the presence of cyclosporin A. Tween 80 which exhibits a high
transporter–water binding constant, Ktw, shows a low ATPase activity
(Fig. 2) since occupation of the second binding site starts already at
low concentrations (see also section 4.3). Inhibition increases with
increasing concentration of cyclosporin A. However, inhibition by
cyclosporin A occurs only at the lowest Tween 80 concentrations
(Cb0.03 μM). If both Pgp binding sites are occupied by Tween 80t plasmamembrane vesicles. A: The Pgp ATPasewas titrated with C12EO8 in the absence
) and 1.03 μM (◊). The solid lines are ﬁts to Eq. (2). B: Lineweaver–Burk re-plots of the
K1, (D) induced by C12EO8 at different cyclosporin A concentrations.
Fig. 6. Inhibition of the Tween80-induced P-glycoprotein ATPase Activity by cyclosporin
A in inside-out plasma membrane vesicles. A: Pgp ATPase activity titrated with Tween
80 in the absence and presence of cyclosporine A: 0 μM (■), 0.14 μM (○), 0.30 μM (◊),
0.59 μM (△) and 1.03 μM (▽). The solid line is a ﬁt to Eq. (2). The activity proﬁles
measured in the presence of cyclosporin A show no ﬁt line since two effects are
superimposed (see text).
2341X. Li-Blatter et al. / Biochimica et Biophysica Acta 1788 (2009) 2335–2344and still more cyclosporin A is added, a slight reactivation is observed.
This is most likely due to membrane loosening and concomitant
facilitation of basal ATPase activity [2]. Similar effects are also ob-
served at the highest detergent concentrations in Figs. 4A and 5A.
3.5. Inhibition of verapamil-induced Pgp ATPase activity by detergents
Fig. 7A shows the verapamil-induced activity proﬁles in the
presence of increasing concentrations of Triton X-100. The concentra-Fig. 7. A–D. Inhibition of verapamil-induced Pgp ATPase activity by Triton X-100 in inside-o
presence of Triton X-100: 0 μM (■), 0.59 μM(○), 3.80 μM (◊), 9.06 μM (△) and 19.64 μM (▽).
ATPase activity, V1, (C) and concentration of half-maximum activation, K1, (D) induced by vtion range applied is shown in Fig. 2. The Lineweaver–Burk re-plots
(Fig. 7B) suggest competitive inhibition of the verapamil-induced
activity by Triton X-100. Themaximum activity, V1, decreased (Fig. 7C)
and the concentration of half-maximum activation, K1, increased
(Fig. 7D).
C12EO8 (Fig. 8A) was applied at somewhat lower concentrations
compared to Triton X-100 (relative to the concentration of half-
maximum activation, K1). It ﬁrst enhanced the verapamil-induced
activity, and inhibited it only at higher concentrations. The maximum
activity, V1, decreased (Fig. 8C). The concentration of half-maximum
activation, K1, (Fig. 8D) decreased as long as activating binding regions
were available and increased only for the highest concentration
applied. We conclude that the concentration of half-maximum
activation, K1, decreases as long as there is free space in the ﬁrst
binding region of Pgp and increases as soon as the second binding
region becomes occupied. The two binding regions can be occupied
either by two identical or two different molecules.
Fig. 9A displays the verapamil-induced activity proﬁles in the
presence of increasing concentrations of Tween 80 (see Fig. 2). The
Lineweaver–Burk re-plots (Fig. 9B) suggest competitive inhibition of
the verapamil-induced activity by Tween 80. A clear inhibitory effect
is observed at low verapamil concentrations which is lost at high
concentrations. This is again most likely due to a membrane loosening
effect at high drug and detergent concentration as discussed in the
context of Fig. 6.
In summary, the decrease in activity, V1, and the change in the
concentration of half-maximum activation, K1, revealed, un-competi-
tive inhibition of verapamil-induced Pgp ATPase activity, whereby the
rate of transport was reduced but not blocked upon occupation of the
second binding region.ut membrane vesicles. A: Pgp ATPase was titrated with verapamil in the absence and
The solid lines are ﬁts to Eq. (2). B: Lineweaver–Burk re-plots of the data. Maximum Pgp
erapamil at different concentrations of Triton X-100.
Fig. 8. A–D. Inhibition of verapamil-induced Pgp ATPase activity by C12EO8 in inside-out membrane vesicles. A: Pgp ATPasewas titratedwith verapamil in the absence and presence of
C12EO8: 0 μM (■), 0.34 μM (○), 0.67 μM (◊), 1.59 μM (△) and 5.76 μM (▽). The solid lines are ﬁts to Eq. (2). B: Lineweaver–Burk re-plots of the data. Maximum activity, V1 (C) and
concentration of half-maximum activation, K1, (D) of verapamil at different concentration of C12EO8.
2342 X. Li-Blatter et al. / Biochimica et Biophysica Acta 1788 (2009) 2335–23444. Discussion
4.1. Molecular elements responsible for an interaction with the
Pgp ATPase
The lipid membrane accumulates amphiphilic drugs and deter-
gents due to their amphiphilicity and orients them as required for
binding to the transporter. For a better understanding of the
mechanism by which the detergents Triton X-100, C12EO8, and
Tween 80 interact with Pgp we dissected binding from water to the
activating binding region of the transporter into two steps, a
membrane partitioning step, and a transporter binding step taking
place in the lipid membrane. The lipid–water partition coefﬁcient, Klw,
was determined using large unilamellar POPC vesicles at 25 °C
(32 mN/m) as membrane model systems. For comparison it was also
determined for a membrane with a slightly lower lateral packing
density (30 mN/m).
The Pgp–detergent interaction was investigated by titrating Pgp
in inside-out plasma membrane vesicles of NIH-MDR1-G185 cells
over a broad concentration range. The bell-shaped activity curves
obtained below the CMC were evaluated with a two-site binding
model [11,13] yielding the concentration of half-maximum activa-
tion, K1, the concentration of half-maximum inhibition, K2, and the
maximum, V1, and minimum activity, V2. The binding constant from
water to the ﬁrst, Ktw(1), and the second binding region of the
transporter, Ktw(2), respectively, was estimated from the inverse of
the concentration of half-maximum activation, K1, and inhibition, K2,
respectively (see Materials and methods). The binding constants
from the lipid membrane to the activating, Ktl(1), and the inhibitory
binding region of the transporter, Ktl(2), respectively, were calculated
as quotient of the transporter–water binding constants and thelipid–water partition coefﬁcient as (Ktw(1)/Klw and Ktw(2)/Klw)
according to Eqs. (5) and (6).
The main aim was to quantify the binding afﬁnity of detergents
to Pgp and to identify the molecular elements responsible for this
interaction. The substrate binding afﬁnity to the ﬁrst binding region
of the transporter is best characterized by the free energy of
transporter–lipid binding, ΔGtl(1)0 . It decreased i.e. the afﬁnity
increased, as the number of EO groups per detergent increased.
The free energy of binding per EO group was determined as
ΔGEO0 ≈−1.6 kJ/mol and ΔGEO0 ≈−1.1 kJ/mol, whereby the more
negative value corresponds to the lipid membrane with the higher
lateral packing density (πM=32 mN/m) and the less negative value
to the membrane with the lower lateral packing density (πM=
30 mN/m). The latter value can be compared directly with the free
energy of binding per hydrogen bond acceptor group in drugs
determined previously as ΔGHi0 ≈−2.5 kJ/mol (lower limit) [13].
The free energy of binding per EO group in detergents, ΔGEO0 , is thus
somewhat less negative than the free energy per hydrogen bond
acceptor group in drugs. This may be due either to the higher
ﬂexibility of the polyethoxylated chains in detergents, and/or, to a
stronger exposure of the hydrogen bond acceptor (or EO) groups to
a polar environment close to the lipid–water interface. Since the
present detergents exhibit no aromatic rings or cationic charges
which may contribute to drug–Pgp interactions [13,33], we
conclude that the detergent–Pgp interaction in the lipid membrane
is due to transient hydrogen bond formation of EO groups with
hydrogen bond donor groups of the transmembrane domains of
Pgp. These ﬁndings may also help to understand the interactions of
other compounds containing EO groups such as stipiamide homo-
dimers linked by polyethylene glycol spacers of different length
[43].
Fig. 9. A, B. Inhibition of verapamil-induced Pgp ATPase activity by Tween 80 in inside-
out membrane vesicles. A: Pgp ATPase in inside-out plasma membrane vesicles was
titrated with verapamil in the absence and presence of Tween 80: 0 μM (■), 0.06 μM
(○), 0.15 μM (◊), 0.32 μM (△) and 0.66 μM (▽). The solid lines are ﬁts to Eq. (2). B:
Lineweaver–Burk re-plots of the data.
Fig. 10. The maximum Pgp activity, ln(V1) decreases as the free energy of transporter–
water binding, ΔGtw(1)0 decreases. The maximum activity of the Pgp ATPase, V1, is
expressed as the percentage of the basal rate taken as 100%. Data for drugs (□)
including verapamil (Ver), with the ﬁtted straight line are taken from Ref. [30], deter-
gents (●), Triton X-100 (Tr), C12EO8 (E8), Tween 80 (Tw) were added for comparison.
With increasing afﬁnity to the transporter the propensity to occupy the second binding
site increases.
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leaﬂet
The present data can be well explained assuming two binding
regions in Pgp. Occupation of the ﬁrst binding region is energetically
more favorable (more negative free energy of binding, ΔGtl(1)0 ) than
occupation of the second binding region (less negative free energy of
binding, ΔGtl(2)0 ). In the case of drugs, where the hydrogen bond
acceptor groups are distributed over the whole molecule, the free
energy difference, ΔGtl(2)0 −ΔGtl(1)0 , increased as the cross-sectional
area, AD, of the molecule increased (Fig. 6 in Ref. [13]). In the case of
detergents the free energy difference was signiﬁcantly higher for
Triton X-100 (ΔGtl(2)0 −ΔGtl(1)0 =10.69 kJ/mol) that carries a more
voluminous hydrophobic anchor than for C12EO8 (ΔGtl(2)0 −ΔGtl(1)0 =
7.60 kJ/mol) that carries a slim anchor. The free energy difference,
ΔGtl(2)0 −ΔGtl(1)0 , was thus proportional to the cross-sectional area of
the hydrophobic anchor rather than to the cross-sectional area of the
entire molecule as in drugs. Upon occupation of the second binding
region the attractive (hydrogen bonding) interactions seem thus to be
counterbalanced by steric repulsion in the region of the transmembrane
domains. These ﬁndings imply that the two binding regions are not
discrete locations but are juxtaposed in the cytosolic membrane leaﬂet.
4.3. The higher the afﬁnity of the detergent from water to the transporter
the slower is the rate of effective transport
Fig. 10 displays the ATPase activity, V1 (Log scale) as a function of
the free energy of transporter–water binding, ΔGtw(1)0 , for the threedetergents in comparison to previously measured drugs [30]. The
higher the afﬁnity of the drugs or detergents to the transporter (i.e.
the more negative the free energy of transporter–water binding), the
lower is the ATPase activity and thus the rate of transport. Substrates
with a high afﬁnity from water to the transporter have a higher pro-
pensity to occupy both binding regions, and therefore to inhibit Pgp
already at low aqueous concentrations. The three electrically neutral
detergents thus behave like drugs and are intrinsic substrates for the
Pgp ATPase.
4.4. Detergents are substrates or inhibitors depending on the
concentration applied
It was possible to inhibit the Triton X100- (Fig. 4A, B), the C12EO8-
(Fig. 5A–D) and the Tween 80-induced Pgp ATPase activity, respec-
tively, (Fig. 6) with Cyclosporin A. Moreover, it was possible to inhibit
the verapamil-induce activity with the three detergents (Figs. 7A–D,
8A–D, 9A, B). Data analysis with Lineweaver–Burk re-plots assuming
one single binding site for the Pgp ATPase suggested competitive
inhibition. However, assuming one binding site only is not adequate to
Pgp. A much more realistic picture is obtained if the entire activity
proﬁle is analyzed using a two binding site model based on un-
competitive or substrate inhibition [13]. It reveals that detergents
activate the Pgp ATPase as long as activating binding regions are
available, and inhibit it as soon as inhibitory binding regions get
occupied. Compounds with a high afﬁnity from water to the trans-
porter (i.e. very negative free energy of transporter–water binding)
such as Tween 80 or cyclosporin A occupy the inhibitory binding
region already at low aqueous concentrations, whereas higher con-
centrations are required for Triton X-100 and C12EO8 to obtain inhi-
bition. Detergents thus act as substrates for and/or inhibitors of the
Pgp ATPase depending on the concentration applied. At very high
concentrations of detergents and drugs in the membrane the ATPase
activity tends to be slightly re-activated which may be due to a
membrane loosening effect [2]. However, it seems unlikely that the
conditions for this Pgp ATPase reactivation can be reached under
physiological conditions.
ABC transporters show overlapping substrate speciﬁcity, especially
in the case of electrically neutral compounds [33]. The detergents
Triton X-100, C12EO8, and Tween 80, may thus interact with other ABC
transporters (e.g. ABCC1 [44]) in a similar manner as with Pgp.
Although, detergents are per se most likely non-toxic, they enhance
the toxicity of other compounds by inhibiting efﬂux transporters and
2344 X. Li-Blatter et al. / Biochimica et Biophysica Acta 1788 (2009) 2335–2344also by reducing efﬂux of metabolites in the liver and kidney [45].
Moreover, they may interfere with the transport of endogenous
substrates such as lipids. Since detergents are not only used in drug
formulations but are omnipresent (e.g. as cleaning agents and
additives to cosmetics and food) their ability to modulate efﬂux
transporters by direct interaction may be of general interest.References
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